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O B J E C T I V E S The purpose of this study was to evaluate image quality and radiation dose using a
100 kVp tube voltage scan protocol compared with standard 120 kVp for coronary computed
tomography angiography (CTA).
B A C KG ROUND Concerns have been raised about radiation exposure during coronary CTA. The
use of a 100 kVp tube voltage scan protocol effectively lowers coronary CTA radiation dose compared
with standard 120 kVp, but it is unknown whether image quality is maintained.
METHOD S We enrolled 400 nonobese patients who underwent coronary CTA: 202 patients were
randomly assigned to a 100 kVp protocol and 198 patients to a 120 kVp protocol. The primary end point
was to demonstrate noninferiority in image quality with the 100 kVp protocol, which was assessed by
a 4-point grading score (1  nondiagnostic, 4  excellent image quality). For the noninferiority analysis,
a margin of 0.2 image quality score points for the difference between both scan protocols was
pre-deﬁned. Secondary end points included radiation dose and need for additional diagnostic tests
during follow-up.
R E S U L T S The mean image quality scores in patients scanned with 100 kVp and 120 kVp were 3.30
0.67 and 3.28  0.68, respectively (p  0.742); image quality of the 100 kVp protocol was not inferior,
as demonstrated by the 97.5% conﬁdence interval of the difference, which did not cross the pre-deﬁned
noninferiority margin of 0.2. The 100 kVp protocol was associated with a 31% relative reduction in
radiation exposure (dose-length product: 868  317 mGy  cm with 120 kVp vs. 599  255 mGy  cm
with 100 kVp; p  0.0001). At 30-day follow-up, the need for additional diagnostic studies did not differ
(13.4% vs. 19.2% for 100 kVp vs. 120 kVp, respectively; p  0.114).
CONC L U S I O N S A coronary CTA protocol using 100 kVp tube voltage maintained image quality,
but reduced radiation exposure by 31% as compared with the standard 120 kVp protocol. Thus, 100 kVp
scan protocols should be considered for nonobese patients to keep radiation exposure as low as
reasonably achievable. (Prospective Randomized Trial on Radiation Dose Estimates of Cardiac CT
Angiography in Patients Scanned With a 100 kVp Protocol [PROTECTION II]; NCT00611780) (J Am Coll
Cardiol Img 2010;3:1113–23) © 2010 by the American College of Cardiology Foundation
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1114oronary computed tomography angiogra-
phy (CTA) has emerged as a useful diag-
nostic imaging modality for the noninva-
sive assessment of coronary artery disease
ith accepted clinical indications in selected patient
roups (1). With the constantly increasing number
f coronary CTA-capable scanners worldwide, the
olume of coronary CTA scans performed is likely
o increase. Although the individual risk for radia-
ion induced cancer is small relative to the gain of
See page 1124
iagnostic information for most coronary CTA
tudies, coronary CTA will contribute to the overall
urden of medical radiation exposure (2). Accord-
ngly, new strategies to obtain diagnostic coronary
TA images with the lowest possible radiation
xposure need to be developed and validated before
hey will become widely applied.
Coronary CTA is usually performed with an
-ray tube voltage of 120 kVp. Data acquisition at
a reduced tube voltage of 100 kVp is
possible and has been suggested as an
effective means to lower radiation dose in
nonobese patients without compromising
diagnostic coronary CTA image quality
(3). However, recent studies have demon-
strated an infrequent use of this dose-
reduction strategy in daily practice (4),
which is most likely explained by 1) a lack
of awareness regarding this strategy; 2) a
ack of scientific data demonstrating maintained
mage quality and level of diagnostic confidence;
nd 3) lack of standardized recommendations con-
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ust 5, 2010, accepted August 17, 2010.erning its use in clinical practice. Consequently,
he primary objective of this randomized study was
o demonstrate the noninferiority of a 100 kVp scan
rotocol for coronary CTA in terms of image
uality when compared with the conventional 120
Vp scan protocol. The secondary objectives were
o compare radiation doses for coronary CTA and
linical outcome with the use of a 100 kVp and 120
Vp scan protocol.
E T H O D S
tudy protocol. The PROTECTION II (Prospec-
ive Randomized Trial on Radiation Dose Esti-
ates of Cardiac CT Angiography in Patients
canned With a 100 kVp Protocol) study is an
nternational, multicenter, investigator-driven study
hat randomly allocated patients undergoing clini-
ally indicated coronary CTA for suspected coro-
ary artery disease at 8 study sites to either a 100
Vp or a 120 kVp tube voltage scan protocol.
atients with stable sinus rhythm and a body weight
f 90 kg or body mass index of 30 kg/m2 were
ligible for this study. Exclusion criteria were pa-
ients with known coronary artery disease, extensive
oronary artery calcifications with an Agatston score
quivalent of 800 units (if calcium scoring has
een performed), coronary CTA for noncoronary
ndication, and non–electrocardiography (ECG)-
riggered or non–ECG-gated coronary CTA stud-
es. The study protocol had been approved by the
ocal ethics committee. Written informed consent
as obtained from each patient before enrollment
n the study.
tudy design and coronary CTA. Patients were ran-
omly assigned to a 100 kVp or a 120 kVp tube
oltage scan protocol by means of sealed envelopes.
eparate randomization blocks were used for the
articipating institutions to allow for a comparable
umber of patients for each computed tomography
CT) manufacturer. At 8 participating study sites,
he following 64-slice CT systems were used:
ightSpeed VCT (1 site) and LightSpeed VCT XT
1 site [GE Healthcare, Waukesha, Wisconsin]);
omatom Sensation 64 (1 site) and Somatom Def-
nition (2 sites [both Siemens Medical Solutions,
orchheim, Germany]); and Aquilion 64 (3 sites
Toshiba Medical Systems, Otawara-shi, Tochigi,
apan]).
The administration of beta-blockers was recom-
ended to obtain heart rates60 beats/min and 70
eats/min in patients studied with single-sourceB B R E V I A T I O N S
N D A C R O N YM S
MI bodymass index
TA computed tomograp
ngiography
TDIvol volume computed
omography dose indexnd dual-source CT systems, respectively. Coronary
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1115asodilation with the use of oral nitrates was also
ecommended. Before randomization, a localizer
as acquired for planning of subsequent scan ranges
nd, if indicated, a nonenhanced scan for coronary
rtery calcium scoring was performed. Coronary
TA was carried out with scanner settings and with
he contrast injection protocols at the discretion of
he local study investigator. Randomization enve-
opes, which were opened before the coronary
TA, determined the tube voltage (100 kVp or 120
Vp). The study protocol recommended leaving all
can parameters including the level of the tube
urrent unchanged. The use of other strategies for
adiation dose reduction, including ECG-
ontrolled modulation of the tube current in ECG-
ated spiral data acquisition or an ECG-triggered
equential scan technique was recommended when
ppropriate.
After data acquisition, the local study investiga-
ors reconstructed the axial images as established at
he study site and as needed for clinical decision
aking. Image reconstruction including the selec-
ion of the cardiac phase with the lowest motion,
he applied reconstruction kernel, and technique
ere at the discretion of the investigator. The study
rotocol asked to send all available axial data sets
hat had been reconstructed for clinical decision
aking to the study core laboratory for analysis of
mage quality.
tudy end points. The primary end point of the
tudy was image quality, assessed with an image
uality score. Secondary end points included radi-
tion dose and quantitative image quality parame-
ers. Furthermore, the need for subsequent cardiac
ests including stress testing (stress echocardiogra-
hy, stress nuclear cardiac perfusion imaging, or
tress cardiac magnetic resonance) and invasive
oronary angiography within 30 days after coronary
TA was assessed as clinical end point. The
ollow-up protocol after coronary CTA consisted of
telephone interview at 30 days.
ata analysis. All data sets were evaluated in the
oronary CTA core laboratory by 2 experienced
perators (F.H. and T.M.) who were unaware of
he assigned scan protocol. The data sets were made
nonymous and were randomly assessed to avoid
ny bias. The operator’s expertise included 3 years
F.H.) and 5 years (T.M.) of coronary CTA inter-
retation with 500 coronary CTA studies per
ear. The data sets were assessed on axial slices,
ultiplanar reformations, and thin-slab maximumntensity projections. nImage quality of 4 main coronary arteries (left
ain, left anterior descending, left circumflex, and
ight coronary artery) was determined based on a
-point grading system (Fig. 1) (5), as follows: score
, nondiagnostic: impaired image quality that
recluded appropriate evaluation of the coronary
rteries due to severe motion artifacts, extensive
oronary calcifications, severe image noise, or insuf-
cient contrast; score 2, adequate: reduced image
uality because of artifacts due to motion, image
oise, or low contrast attenuation, but sufficient to
ule out significant stenosis; score 3, good: presence
f artifacts caused by motion, image noise, coronary
alcifications, or low contrast, but fully preserved
bility to assess the presence of luminal stenosis as
ell as the presence of calcified and noncalcified
oronary atherosclerotic plaque; score 4, excellent:
omplete absence of motion artifacts, strong atten-
ation of vessel lumen, and clear delineation of
essel walls, with the ability to assess luminal
tenosis as well as plaque characteristics.
Each coronary artery, including their side
ranches with a minimum diameter of at least 1.5
m, was assigned a score from 1 to 4 by 2
xperienced observers; and image quality was deter-
ined by averaging the scores of the 4 coronary
rteries, avoiding intrapatient correlations. In case
f disagreement between the 2 observers, final
ssessment was made by an experienced third
eader. In addition, coronary CTA studies with an
ssigned score of 1 in any coronary artery were
efined as nondiagnostic studies.
Signal intensity, image noise, signal-to-noise ra-
io, and contrast-to-noise ratio were quantified as
bjective image quality parameters. All measure-
ents were performed (by F.H.) on reformatted
xial images with a slice thickness of 1.0 mm to
llow for comparable measurements between differ-
nt CT systems. Signal intensity was derived from
he mean CT attenuation values (Hounsfield units)
veraged from 2 circular regions of interest (size7
m2) in the proximal segments of the left and right
oronary artery lumen. Image noise was defined as
he averaged standard deviations of the CT atten-
ation values within these 2 regions of interest. The
ignal-to-noise ratio was calculated as mean CT
ttenuation values of the left and right coronary
rteries divided by the image noise. The contrast-
o-noise ratio was defined as the difference between
he mean CT attenuation values of the proximal
oronary arteries and the mean density of the left
ateral ventricular wall, which was divided by image
oise.
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1116stimation of radiation dose. The study investigators
btained the parameters relevant to radiation dose
ncluding volume CT dose index (CTDIvol) and
ose-length product (DLP) from the scan protocol
enerated by the CT system after each coronary
TA study. The effective dose of coronary CTA
an be estimated by a method proposed by the
uropean Working Group for Guidelines on Qual-
ty Criteria in CT (6). The effective dose is derived
rom the product of the DLP and an organ weight-
ng factor for the chest as the investigated anatomic
egion. This organ weighting factor (k  0.014
Sv · mGy1 · cm1) is averaged between male
nd female models. This weighting factor is con-
idered to be derived from the most self-consistent
nd reliable data set (7).
tatistical analysis. The objective of the study was to
ssess the noninferiority of a 100 kVp to a 120 kVp
can protocol. Sample size calculation was based on
margin of noninferiority for image quality score
et at 0.20. In the absence of published data, this
argin was selected because we consider a larger
Figure 1. Examples of Different Image Quality Scores
Representative examples for the different image quality scores. The
arteries of different patients: (A) displays “excellent” image quality,
diagnostic” image quality.ifference as clinically relevant. Based on core lab- vratory data of the PROTECTION I (Prospective
ulticenter Study On Radiation Dose Estimates
f Cardiac CT Angiography In Daily Practice)
tudy (5), the assumed common standard deviation
SD) was 0.65. With a power of 80% and a 1-sided
-level of 0.025, we estimated that 167 patients in
oth groups were needed to show the noninferiority
f the 100 kVp scan protocol. To compensate for
nforeseeable scanning problems, we aimed to en-
oll a total of 400 patients (200 in each treatment
rm). Sample size calculation was performed with
Query Advisor (Statistical Solutions, Cork, Ire-
and). The analysis of primary and secondary end
oints was planned to be performed on an
ntention-to-diagnose basis. Results are expressed
s counts (or proportions in percent) or as means
 SD). Continuous and categorical variables were
nalyzed with a 2-sided t test and chi-square test as
ppropriate. Pearson correlation coefficient was de-
ermined to quantify the agreement of observer 1
nd 2 for image quality ratings before adjudication
y the third observer. Univariable and multiple-
mples show curved multiplanar reformations of right coronary
good” image quality, (C) “adequate” image quality, and (D) “non-exa
(B) “ariable linear regression models with backward
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PROTECTION II
1117limination were used to identify predictors for
mage quality. The “R Project for Statistical Com-
uting” was used for statistical analysis (7). Statis-
ical significance was defined as p  0.05.
E S U L T S
atient and coronary CTA characteristics. A total of
00 patients were enrolled between January and
ctober 2007 in 8 participating institutions: 202
atients were randomly assigned to a 100 kVp scan
rotocol, and 198 patients were randomly assigned
o a 120 kVp scan protocol. Patient and coronary
TA characteristics are shown in Table 1. With a
ean body weight of 72.9  10.6 kg and a mean
eight of 1.70  0.08 cm, the overall mean body
ass index (BMI) was 25.3  2.9 kg/m2 (median
MI [interquartile range]: 22.9 kg/m2 [22.9 to 22.9
g/m2]). Both groups were well matched regarding
he used 64-slice CT systems, heart rate, and scan
ength. The majority of scans were performed with
retrospectively ECG-gated spiral data acquisition,
hereas prospectively ECG-triggered sequential
can protocols were used in 6.8% of patients. The
CG-gated spiral and ECG-triggered sequential
can protocols were evenly distributed in the 100
Vp and 120 kVp scan protocols. No significant
ifferences were observed regarding patient charac-
eristics or coronary CTA protocols between
roups.
Table 1. Patient and Coronary CTA Characteristics
Characteristic
Age, yrs
Male sex
Height, m
Weight, kg
Body mass index, kg/m2
Beta-blocker administration before coronary CTA
Without
Oral
IV
Heart rate, beats/min
Scan length, mm
64-slice CT systems
GE Healthcare
Siemens
Toshiba
Data acquisition
Retrospective ECG-gated spiral
Prospective ECG-triggered sequential
ECG-controlled tube current modulation in spiral data acquisition
Data are n (%) or mean  SD.
CT  computed tomography; CTA  computed tomography angiography; ECG oronary CTA image quality. The assessment of the
mage quality score correlated well between the 2
rimary image readers (correlation coefficient:
.869; p  0.0001). The mean image quality score
as 3.30  0.67 in the cohort scanned with 100
Vp, and 3.28  0.68 in the cohort scanned with
20 kVp (p  0.742) (Fig. 2). As a consequence,
iagnostic noninferiority of the 100 kVp protocol
as demonstrated since the upper margin of the
-sided 97.5% confidence interval did not cross the
re-defined noninferiority margin of 0.2 score
oints (p  0.001) (Fig. 3). The mean image quality
cores for each coronary artery are summarized in
able 2. Figure 4 shows representative examples of 2
oronary CTAs acquired at 100 kVp (Fig. 4A) and
20 kVp (Fig. 4B).
Motion artefacts and low contrast were the main
easons for a nondiagnostic image quality score
score  1) in 97% and 3% of nondiagnostic
oronary arteries, respectively. Extensive coronary
alcifications and increased image noise were not
dentified as reasons for nondiagnostic image qual-
ty. Nondiagnostic coronary CTA studies (image
uality score  1 in any coronary artery) were
bserved in 15.3% and 16.2% of 100 kVp and 120
Vp scans, respectively (p  0.823). In these
atients, the mean heart rate was significantly
igher than in patients with diagnostic coronary
TA image quality (64.7  9.2 beats/min vs.
00 kVp (202 Patients) 120 kVp (198 Patients) p Value
58.9 11.6 60.5 10.8 0.163
108 (53.5) 110 (55.6) 0.675
1.70 0.08 1.70 0.09 0.868
72.6 10.4 73.3 10.8 0.505
25.2 3.0 25.3 2.8 0.569
0.763
42 (20.8) 47 (23.7)
76 (37.6) 70 (35.4)
84 (41.6) 81 (40.9)
57.6 8.1 58.1 7.6 0.519
123.1 13.8 123.2 14.3 0.950
0.886
61 (30.2) 61 (30.8)
67 (33.2) 69 (34.8)
74 (36.6) 68 (34.4)
0.884
188 (93.1) 185 (93.4)
14 (6.9) 13 (6.6)
127 (67.6) 131 (70.8) 0.4961electrocardiogram; IV  intravenous.
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11186.7 7.0 beats/min for patients with nondiagnos-
ic vs. diagnostic coronary CTA image quality,
espectively; p  0.0001).
In pre-specified subgroup analyses, no significant
ifferences in image quality score were observed
etween the different 64-slice CT systems for 100
Vp versus 120 kVp scans, respectively (GE:
.30  0.58 vs. 3.21  0.64, p  0.431; Siemens:
.24  0.77 vs. 3.25  0.70, p  0.953; and
oshiba: 3.36  0.63 vs. 3.37  0.69, p  0.907).
urthermore, no significant differences in image
uality score were observed between retrospectively
CG-gated spiral and prospectively ECG-
Figure 2. Image Quality Score and Estimated Radiation Dose
Image quality score and estimated radiation dose in the 100 kVp (g
tomography angiography (CTA) scan groups.
Figure 3. Noninferiority of 100 kVp Scan Protocol
Noninferiority of the 100 kVp scan protocol depicted as the differen
120 kVp scan protocol.riggered sequential data acquisitions for 100 kVp
ersus 120 kVp scans, respectively (ECG-gated
piral: 3.32  0.67 vs. 3.28  0.69, p  0.628; and
CG-triggered sequential: 3.11  0.61 vs. 3.24 
.53, p  0.543). Finally, no significant differences
n image quality scores were observed between
ifferent BMI categories, stratified according to the
hird BMI quartile for 100 kVp versus 120 kVp
cans, respectively (27.1 kg/m2: 3.35  0.66 vs.
.30  0.66, p  0.501; and 27.1 kg/m2: 3.17 
.68 vs. 3.23  0.72, p  0.657).
adiation exposure. Table 2 shows the results for
he radiation exposure with both scan protocols.
bars) and 120 kVp (black bars) tube voltage coronary computed
n image quality score between the 100 kVp scan protocol andrayce i
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1119he mean CTDIvol was significantly lower for the
00 kVp scan protocol (42.6  19.5 mGy) than for
he 120 kVp scan protocol (62.6  26.1 mGy, p 
.0001). Similarly, the mean DLP was significantly
ower for the 100 kVp scan protocol (599  255
Gy · cm for the 100 kVp protocol vs. 868  317
Gy · cm for the 120 kVp protocol, p  0.0001).
his corresponds to a relative 31% reduction in
stimated radiation dose for the 100 kVp tube
oltage scan protocol (p  0.0001) (Fig. 2). In the
ubgroup analysis, the 100 kVp scan protocol rela-
ively reduced the DLP by 31% and 39% with
etrospectively ECG-gated spiral and prospectively
CG-triggered sequential data acquisitions, re-
pectively (DLP ECG-gated spiral: 629  236
Gy · cm vs. 908  288 mGy · cm, p  0.0001;
nd DLP ECG-triggered sequential: 183  78
Gy · cm vs. 299  62 mGy · cm, p  0.0002) for
00 kVp versus 120 kVp scans, respectively.
linical follow-up. Thirty-day clinical follow-up was
ompleted in all patients. During follow-up, 27
atients of the 100 kVp group underwent additional
esting for suspected obstructive coronary artery
isease (20 patients with invasive coronary angiog-
aphy, 4 patients with stress nuclear cardiac perfu-
ion imaging, and 3 patients with stress cardiac
agnetic resonance). In the 120 kVp group, 38
atients underwent subsequent additional tests (32
atients with invasive coronary angiography, 4 pa-
ients with stress nuclear cardiac perfusion imaging,
nd 2 patients with stress cardiac magnetic reso-
ance). Consequently, the need for additional tests
id not differ significantly between both groups
13.4% vs. 19.2% for 100 kVp vs. 120 kVp scan
rotocols, respectively; p  0.114). No significant
ifferences in image quality score were observed
etween patients with and without need for addi-
ional diagnostic testing (with additional diagnostic
esting: 3.28 0.54 vs. 3.32 0.60, p 0.759; and
ithout additional diagnostic testing: 3.30  0.68
s. 3.27  0.70, p  0.633) for 100 kVp versus 120
Vp scans, respectively.
uantitative image quality parameters. Quantitative
mage quality data that were analyzed as secondary
nd points are summarized in Table 3. Figure 5
llustrates representative measurements of 2 coro-
ary CTAs acquired at 100 kVp (Fig. 5A) and 120
Vp (Fig. 5B). While signal intensity and image
oise increased significantly with the 100 kVp scan
rotocol, a significant reduction of the signal-to-
oise ratio was observed (11% relative reduction;
 0.003). Similarly, the 100 kVp scan protocolisplayed a trend toward a lower contrast-to-noise
atio (8% relative reduction; p  0.060).
redictors for image quality. The results of the uni-
ariate and multivariate linear regression analysis
re summarized in Table 3. In the univariate anal-
Figure 4. Curved Multiplanar Reformations
Representative images of curved multiplanar reformations of coron
tomography angiography scans acquired at 100 kVp (A) and 120 kV
Table 2. Results on Image Quality and Radiation Exposure
100 kVp
(202
Patients)
12
Pa
Image quality score 3.30 0.67 3.2
Artery-based image quality score
Left main coronary artery 3.77 0.52 3.8
Left anterior descending coronary artery 3.22 0.82 3.2
Left circumﬂex coronary artery 3.12 0.86 3.1
Right coronary artery 3.04 1.02 2.9
Signal intensity, HU 522 109 43
Image noise, HU 33.5 12.5 24.
Signal-to-noise ratio 17.6 7.1 19.
Contrast-to-noise ratio 13.6 6.0 14.
CTDIvol, mGy 42.6 19.5 62.
Tube current for different CT systems
General Electric, mA 768 5 69
Siemens, mAs 484 211 48
Toshiba, mA 400 53 33
DLP, mGy · cm 599 255 86
Effective dose estimate, mSv 8.4 3.6 12.
Data are expressed as mean  SD.
CTDIvol  volume computed tomography dose index; DLP  dose-length prod
in Table 1.ary computed
p (B). Identical win-0 kVp
(198
tients) p Value
8 0.68 0.742
0 0.46 0.480
3 0.81 0.860
0 0.93 0.638
9 1.02 0.357
2 87 0.0001
6 9.6 0.0001
8 7.7 0.003
8 6.4 0.060
6 26.1 0.0001
2 109 0.001
5 213 0.987
8 39 0.001
8 317 0.0001
2 4.4 0.0001
uct; other abbreviation asdow level settings were applied.
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1120sis, the height of the patient, administration of
eta-blockers for coronary CTA, heart rate, and
mage noise were identified as predictors for image
uality. In the multivariate analysis, applying a
ackward elimination model only heart rate was
dentified as strong predictor for image quality.
mportantly, neither the tube voltage nor the esti-
ated radiation exposure was identified as impor-
ant factors predicting the image quality score.
I S C U S S I O N
n this prospective randomized study, we compared
oronary CTA scan protocols employing either a
Figure 5. Signal Intensity and Image Noise Measurements
Quantitative measurements of signal intensity (mean) and image no
r Image Quality Scores in the Univariate and Multivariate
alysis
Univariate
Analysis
p Value
Multivariate
Analysis
p Value
0.744 —
0.184 —
0.006 —
0.972 —
0.916 —
ation before coronary CTA 0.005 —
0.001 0.001
0.241 —
er 0.187 —
pective spiral vs.
ial
0.423 —
0.660 —
0.701 —
0.021 —
0.516 —
0.184 —
1.raphy angiography scans acquired at 100 kVp (A) and 120 kVp (B). Iden00 kVp or a 120 kVp tube voltage concerning
mage quality in normal weight to nonobese pa-
ients with suspected coronary artery disease. We
ould demonstrate that the use of a 100 kVp scan
rotocol for coronary CTA resulted in a similar and
oninferior image quality when compared with the
onventional 120 kVp scan protocol, while at the
ame time the estimated radiation dose was signif-
cantly lower.
Exposure to ionizing radiation has been criticized
s a major limitation of coronary CTA (8). How-
ver, a recent worldwide radiation dose survey
ndicated that coronary CTA is associated with a
edian dose of 12 mSv (4), which needs to be
ompared with radiation doses of approximately 9
Sv and of as high as 41 mSv for sestamibi and
hallium myocardial rest-stress nuclear scans, re-
pectively (9). Accordingly, the mean radiation dose
f 12.2  4.4 mSv in the control group of the
urrent study compares well with previous reports
n estimated coronary CTA radiation dose. Within
he last few years, a variety of strategies have been
roposed to reduce the exposure to ionizing radia-
ion during coronary CTA, including automated
xposure control (10), ECG-controlled tube cur-
ent modulation (3,11), and prospectively ECG-
riggered sequential (“step-and-shoot”) data acqui-
ition (12–14). In pediatric CT, a reduced tube
oltage has been shown to decrease ionizing radia-
ion without affecting diagnostic image quality (15).
owering tube voltage results in a considerable
eduction in radiation dose, because under ideal
onditions radiation dose varies in proportion to the
quare of the tube voltage (16). A reduced tube
oltage of 100 kVp has also been proposed for
oronary CTA in nonobese patients as an effective
(SD) in representative axial images of coronary computed tomog-iseTable 3. Predictors fo
Linear Regression An
Age
Male sex
Height
Weight
Body mass index
Beta-blocker administr
Heart rate
Scan length
64-slice CT manufactur
Data acquisition: retros
prospective sequent
100 kVp tube voltage
Signal intensity
Image noise
Signal-to-noise ratio
Effective dose estimatetical window level settings were applied.
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1121eans for radiation dose reduction (3); and several
mall nonrandomized studies have yielded encour-
ging results with a 100 kVp scan protocol for
oronary CTA in terms of reduced radiation expo-
ure and image quality (17,18). Similarly, the non-
andomized PROTECTION I dose survey indi-
ated a preserved image quality with the 100 kVp
can protocol, while radiation exposure was consid-
rably reduced (4). In this dose survey, the 100 kVp
can protocol was applied in only 5% of patients,
hich is likely explained by the facts that 1) the scan
rotocols recommended by CT manufacturers usu-
lly apply 120 kVp; and 2) it has not previously been
larified whether the level of diagnostic confidence
nd image quality are maintained with a 100 kVp
can protocol. Accordingly, the current randomized
tudy compared a variety of end points germane to
oronary CTA image quality when comparing 100
Vp and 120 kVp scan protocols. Designed as a
oninferiority study, the image quality score, which
as the primary study end point, did not differ
ignificantly between both groups. Furthermore,
he noninferiority analysis clearly demonstrated that
he image quality of a 100 kVp scan protocol is not
nferior to that of the conventional 120 kVp proto-
ol, and thus, the level of diagnostic confidence is
aintained with the 100 kVp scan protocol. More-
ver, the finding of diagnostic equivalence of both
can protocols is supported by the nonsignificant
ifference in the clinical need for subsequent tests
uring follow-up.
In the current study, the mean exposure to
onizing radiation was significantly reduced from
2.2 mSv to 8.4 mSv with the 100 kVp scan
rotocol in nonobese patients, which translates into
31% relative reduction in dose. These results are
n keeping with previous nonrandomized studies
3). Furthermore, the results suggest that coronary
TA can be performed with a radiation exposure
ot dissimilar to that of invasive coronary angiog-
aphy, which is likely to expose the patient to doses
f approximately 7 mSv (9).
The 100 kVp scan protocol was associated with
n increase in signal intensity and image noise. The
ncrease in signal intensity is explained by the X-ray
bsorption characteristics of iodine, which are
igher at lower kVp settings (19). With the con-
omitant increase in image noise, the resulting
ignal-to-noise and contrast-to-noise ratios were
ower with the 100 kVp scan protocol. Image
econstruction was usually performed with the same
econstruction kernel for 100 kVp and 120 kVp
mages. It remains speculative whether dedicated s00 kVp image reconstruction kernels would im-
rove image noise and consequently also signal-to-
oise and contrast-to-noise ratios. Motion artifacts
ere the leading cause for nondiagnostic image
uality, whereas increased image noise was not
dentified as reason for nonevaluability of the cor-
nary arteries. Accordingly, our study demonstrates
hat while the observed changes in image noise and
ignal-to-noise ratio might influence the esthetic
mage quality, diagnostic image quality—as evalu-
ted by the image quality scores—is not sacrificed.
n fact, the current data support previous findings
hat a stringent control of the heart rate is of major
mportance for the level of diagnostic confidence
nd image quality in coronary CTA (20).
tudy limitations. Numerous studies have shown the
igh diagnostic accuracy of 64-slice coronary CTA
or the detection of significant coronary obstruc-
ions when compared with invasive coronary an-
iography. A recent meta-analysis of such studies,
hich applied primarily 120 kVp scan protocols,
emonstrated sensitivity and specificity values of
7.5% and 91%, respectively, on a per-patient level
21). Although it would be desirable to demonstrate
oninferiority of the 100 kVp scan protocol in
erms of maintained sensitivity and specificity val-
es, a sample size calculation yielded the need for
nrolling 1,650 patients. Considering that the
eta-analysis discussed in the preceding text in-
luded a total of only 875 patients who were
nrolled in 13 studies comparing 64-slice coronary
TA and invasive angiography, the need for such a
arge patient population in a single study indicates
he unfeasibility for such a noninferiority study
rotocol. Accordingly, we used the image quality
core as alternative measure of noninferiority.
This study included patients with a low to
ntermediate risk for having obstructive coronary
rtery disease. Although the image quality was also
omparable between 100 kVp and 120 kVp scans in
he subgroup of patients with suspected coronary
rtery undergoing additional diagnostic testing dur-
ng follow-up, it remains unproven if the current
tudy results can be applied to patients being at high
isk for having coronary artery disease or patients
ith advanced stages of coronary atherosclerosis.
The radiation dose associated with the localizer,
he bolus timing scan, and with coronary calcium
coring, which is performed in some institutions
efore coronary CTA, was not assessed in the
urrent study. However, compared with coronary
TA, the radiation dose of calcium scoring repre-ents only a small fraction of the total dose of a
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PROTECTION II
1122ardiac CT study (22). Finally, the absence of
alcium scores is recognized as limitation.
mplications. Based on the study findings, the use of a
00 kVp scan protocol is recommended for coronary
TA in nonobese patients with suspected coronary
rtery disease. It is important to realize that the 100
Vp scan protocol can be easily combined with other
trategies for dose reduction, such as ECG-controlled
ube current modulation, and prospectively ECG-
riggered sequential data acquisition. The combina-
ion of such strategies will result in very efficacious
ose reduction, when compared with standard spiral
oronary CTA scan protocols.
Patient inclusion was limited to nonobese pa-
ients (body weight 90 kg or BMI 30 kg/m2),
ecause image noise increases with increasing body
ass. Patients above these inclusion criteria might
till qualify for a 100 kVp tube voltage protocol
epending on the individual chest wall attenuation.
s pointed out before, the 100 kVp tube voltage
can protocol was applied in only 5% of the 2007
ose survey population in the PROTECTION I
tudy (4). The impact of the current study findings
re evident when realizing that 78.9% or 81.8% of
he PROTECTION I patients would have quali-
ed for a 100 kVp coronary CTA scan protocol if a
hreshold 90 kg for body weight or 30 kg/m2
or body mass index had been applied.
O N C L U S I O N S
n conclusion, the PROTECTION II study dem-2. Brenner DJ, Hall EJ. Computed
tomography-an increasing source of 16262 EN.se of a 100 kVp tube voltage scan protocol for
oronary CTA in nonobese patients with suspected
oronary artery disease, while achieving a 31%
elative reduction in estimated radiation dose. Con-
equently, the 100 kVp scan protocol should be
onsidered for coronary CTA in all nonobese pa-
ients, in pursuit of the ultimate goal to obtain
iagnostic coronary CTA images with the lowest
ossible radiation dose.
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